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Spatiotemporal evolution of interseismic coupling and stress accumulation near an asperity on a vertical strike-
slip fault: Insights from 3D viscoelastic numerical simulation

Abstract: Understanding the kinematic state and stress accumulation near fault protuberances is crucial for accurately
assessing earthquake hazards. One widely used method to characterize the kinematic behavior of faults is interseismic
fault coupling (ISC). Despite its importance, the correlation between the spatial distribution of ISC and the positioning
of fault asperities—areas of increased frictional resistance—has not been extensively studied. Furthermore, the
influence of the rheological properties of Earth’s materials on the temporal and spatial evolutions of slip deficits and
shear stress accumulation in proximity to these asperities remains poorly understood. To investigate the effects of fault
asperities on interseismic deformation and stress accumulation, we developed a set of three-dimensional elastic and
viscoelastic finite element models. These models incorporate vertical strike-slip faults and utilize sophisticated contact
algorithms to simulate the mechanical locking associated with the asperity. Our innovative approach simplifies the fault
behavior into a binary system, categorizing states as either "locked" or "unlocked," which we refer to as the "binary
fault locking approach." This study delves into the spatial and temporal variations of ISC and shear stress accumulation
rates around a single asperity, providing new insights into the mechanics at play in fault systems. Additionally, we
validate the efficacy of the "binary fault locking approach" by applying it to the Xianshuihe fault, thereby reinforcing
the relevance of our findings to real-world fault behavior. Through this research, we aim to enhance our understanding
of fault mechanics and improve earthquake hazard assessments, ultimately contributing to more effective risk
mitigation strategies. The main findings of the study are as follows: Due to the mechanical locking of the asperity, a
fault-sliding surface within a certain distance from the asperity cannot slide freely, resulting in a slip deficit in an area
centered around the asperity. Consequently, the degree of fault locking displays a ring-shaped attenuation pattern
centered on the asperity. Under pure elastic conditions, the ISC and shear stress accumulation rate in the vicinity of the
asperity remain constant over time. In contrast, under viscoelastic conditions, the contours of the ISC and shear stress
accumulation in the areas surrounding the asperity expand with time under loading, with the effects of temporal
changes in locking degree becoming more pronounced. In scenarios where viscosity differs on either side of the fault,
the interseismic deformation and stress accumulation rate of the fault are primarily controlled by the rheological
properties of the material on the side with the lower relaxation time, due to the differing relaxation times on either side
of the fault. The study arrives at the following conclusions: (1) Due to the continuity of the medium, although the
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region adjacent to an asperity is not fully locked, its slip velocity is still lower than the block's movement velocity,
resulting in a spatial pattern of decreasing ISC outward from the fault asperity. (2) Viscoelastic effects regulate the
deformation near a fault asperity, leading to an increase in the spatial extent of the ISC with time. (3) The ISC can serve
as an approximate indicator of the shear stress accumulation rate. Neglecting viscoelastic effects, a value of
approximately 0.5 can be used as the threshold for moderate-strong locking, and shear stress accumulation is
insignificant below this value. (4) Considering the spatially non-uniform fault coupling along the Luhuo-Kangding
segment of the Xianshuihe fault, the simulated surface velocities closely match GPS observations, confirming the
reliability of the method. This study establishes a meaningful connection between ISC and shear stress accumulation
rate, offering valuable insights for identifying potential seismic hazards. Overall, the study emphasizes the intricate
interactions between fault dynamics and geological structures and highlights the significance of detailed modeling in
understanding earthquake mechanisms. By addressing the gaps in knowledge regarding the influence of protuberances
on fault behavior, this research contributes valuable information to the field of seismic hazard estimation, enhancing our
ability to mitigate earthquake risks effectively.
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Figure 1 The mesh of the FEM model. An east-north-up (ENU) system is used in the model.
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Table.1 Elastic parameters used in the numerical simulation
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EaE S 1.5x10" 0.28 3300
R2EBPERANMESH
Table.2 Viscosity parameters used in the model
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B
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Figure 2 Elastic Model Results. (a) Interseismic coupling (ZSC). (b) Shear stress accumulation rates.
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Figure 3. Spatiotemporal evolution of the /SC and shear stress accumulation rates derived from the homogeneous viscoelastic model.
(a) Interseismic coupling (b) Shear stress accumulation rates
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Figure 4. Spatiotemporal evolution of the ISC and shear stress accumulation rates derived from the heterogeneous model.
(a)Interseismic coupling. (b) Shear stress accumulation rates

FHECHE () 350 S0 RSP EAR AR, 6 () R85 S0 R0 SR M AR 2R 3 s TUTT o7 A P A0 £ P B R 5 ) B 2 Y5 A 52 1 e Y 6l A
(P, Hoh DLFIEIRE EE N 0.2 F1 0.4 SEEZIERIC NI (K 3a, Bl4a) o BYN JJHA Bl R M S5E & AL
MR R (B 3b, K 4b) o DUERF ST RN T F R i AR S A, 36 R AR AR — A A 5
75 5 WO RE [B) AR 2 AR 28 77 (Kong et al., 2022; Malservisi et al., 2001).

2.3 RBELRSIIE AR R EAE R B2 il

it — A 3 AT R R AR XT [T o AR B 30 PSR FEE DA B R (R R, JBER T AR S M A PR PR AR DA A B
2RI TR A R AE o ST )0 AR B, PRBIURE P S M (5 FELSOR BRI L8 1) M ) e B s A AN [
W7 JE PR B RE R 5 AN I A, TS S DA R AR A 4 AR A, T 2 R . A5 B A [ AR AL A s D
AL PR AN BT 8 ) AR BT AR i I [) () AR AR, 42 T 5

X T oE A A Y, W ) PR ERE R B R AR R R AN I () T AR A . AERMERAER R, BTN
(1% B 4 A 171 S50 b 3 T 7 AR B AU s 00 R0 1 P AR 2 B IS R 3G OR3GO, IRl TR o 0 LU Rb B fm) 35 &)
AR ER ARSI A, R R ) RS SR i T — U R BRI, DRI AE SO PR IR 8] P 2 AP SRS, P BA
FEI LK AR BEAE AT 1G] AR A, R0 R 1) 38 S AN % A ) A 250 SR TS I 2= P AR B 1)
AT — 3 HIk BRRE KA . IO RS 1 S Wit b 25 A B R B AT AR ) Z10 KT 0.56 B4 2188 E I 201 0.7 /245
(K 52)

FERAAE T, ASFE I R8T R R R R AT EA — . Flan, AEHEIN AL 4 BTN AR B 2 5 B I 1)
AL TR/ S, FE I A 2 R0 3 B 8 77 R B T 23 JU) S 300 S I I ] 398 I i A DK AR AR AE o A [R) Mt 0 R R B 5 g
AL W 2 PR FE AR H5— 8, IBEAE I 1A B 3G T TAR0E o SR o 0 BE B, AR /R FERH MY
AP 3T R BT 2 PR B AN BT 182 g AR 3R IR S M AR AR I TR) TS B RS E , IR R BRI 7] . AN L8RS



BPERT, WSO RS 4 PRTBY R AR BRI T R A, DR AR U A AL TE 1 B R A B R 400 3 kPa/a, fH
LA LA, T AR BY N AR R LN 2.5 kPa/a (Bl 5b) .

DIERFFE R, TR N T e Bl b i me 1) B2 77 Fa sthoks 5 8087 ) % %% 21 3 14 _F 1 5% (Freed and Lin,
1998 ). FrLAFHiFEEss FigMai o SETE R KA 2 5, Bk B 5E i R R N AR R AR N, A
Ho B 28 IR R B ke 28 51 S B AR (1) 32 2237 it (Freed and Lin, 1998; Deng et al., 1999) . HiuBEK /15 i 38 RUR A
152 FR S M B, R [A)HAVRS) 0T (1) S 77 ot [ 52 558 RGeS ) B AR IE, S )R A A B T ih AR,
TS 52 1 LT A 30 59 7 0 R 28 0 AT D B SR A R ALE

(a) (b)

SEATRME LA oo FrEr Qu o)
4 A
—— Nodel
—— Node2
— Node3
— Noded
03 "
= Node!
t=X - 3000
7.“ -
[ =5
0% )‘J\
il b
ﬁ;! & 2000
7 3
B o4 ot
E]
El
2
S~ 1000
0.2
— Nodel
Node2
— Node3
= Noded
0 L 0 *10%
0 0.25 0.50 N 0.75 1.00 1.25 o 0.25 050 R \ 675 1.00 125
folsE T Tuninti) ) (s) YAy 7] (s)
1.0 4000
— Nodel
—— Node2
— Node3
- =3 —— mode:
. A —— ModeS t=2

3000

e
s
(o) S 2

1000

0.2
—— Nodel

Node?
—— Node3
—— Noded

wloe
028 0.50 035 1.00 125 0 925

¢ 0.75
. B o MR, B s HE )

— nodel
—— Hede2
— Node3
t=% —— Neded
L — Nodes T
., 3000 N
L)
s
0.6 #J‘
i B —_—
# i 20001
F 135: :
BEoa -  —— i
— ]
— s
. =
/// — 1000
0.2 —— Nadel
— Node?
—— Node3
— nNodet
0 A0 0 10
0 0.25 0.50 0.5 1.00 125 0 0.25 0.50 i 0.5 160 125
ME] (s) B (s)

a—MIBIRESE s b—B N R R A

Bl 5 S = AR R BT R A7 AR R 3k R B B[ B A L

Figure 5. Temporal evolution of the interseismic coupling and shear stress accumulation rate at monitoring points
(a) Interseismic coupling. (b) Shear stress accumulation rates.
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Figure 7. Contour map of the /SC and shear stress normalization factor near an asperity derived from the elastic model. Red lines represent
ISC contour lines with an interval of 0.1. Black lines represent @t contour lines, with an interval of 0.2. The four black lines extending

outward from the asperity are 0.8, 0.6, 0.4, and 0.2, respectively.
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Figure 8. Spatiotemporal of the ISC and shear stress normalization factor near an asperity derived from the viscoelastic model.
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Table.3 Elastic parameters used in the Numerical simulation of the Xianshui River fault zone

SR WE/km MR /Pa JARALL F B/ (kg/m® R RYY (Pas)
E#hF 18 8x 10" 0.25 2700
T 18 1x 10" 0.25 3000 1x10%

B b8 64 1.5% 10" 0.28 3300 1x10%
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Figure 9. The interseismic deformation near the Xianshuihe fault.
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(a) Map of the locking degree of the Xianshuihe fault (Jiang et al., 2015). The area outlined by the black line represents the asperities used
in this model. (b) Comparison of simulated surface velocity and GPS velocity. The red arrow represents the simulated interseismic velocity,

the blue arrow with an error ellipse represents the GPS velocity, and the white arrow represents the GPS velocity outside the model domain.
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